A B S T R A C T The importance of adhesion in regulating locomotion and accumulation of polymorphonuclear leukocytes (PMN) has remained vague. We found that the chemotaxis of human PMN resuspended in heat-inactivated plasma was maximal toward 1-10 nM N-formyl-met-leu-phe (f-Met-Leu-Phe), but fell below random motility toward -100 nM. This impressive decrease of motility was paralleled by increased cell adherence on Petri dishes being minimal at 1 nM and maximal at >10 nM f-Met-Leu-Phe (6±1 and 37±2%
A B S T R A C T The importance of adhesion in regulating locomotion and accumulation of polymorphonuclear leukocytes (PMN) has remained vague. We found that the chemotaxis of human PMN resuspended in heat-inactivated plasma was maximal toward 1-10 nM N-formyl-met-leu-phe (f-Met-Leu-Phe), but fell below random motility toward -100 nM. This impressive decrease of motility was paralleled by increased cell adherence on Petri dishes being minimal at 1 nM and maximal at >10 nM f-Met-Leu-Phe (6±1 and 37±2%
[SE] adherent cells, respectively). Checked by phasecontrast microscopy, cells under stimulated adhesion lost the typical bipolar shape of moving PMN and became immobilized and highly flattened. PMN, preexposed to 250 nM f-Met-Leu-Phe and tested after washing, retained increased adhesiveness and showed extremely low random and chemotactic motility. In contrast, preexposure to 1 nM f-Met-Leu-Phe had no effect on chemotaxis. Supporting the concept that immobilizing hyperadhesiveness does not correspond to a general functional hyporesponsiveness of PMN, no depression of the initial ingestion rate was observed in the presence of 250 nM f-Met-Leu-Phe. Moreover, a close correlation was found between the induction of PMN adhesiveness and the stimulation of the hexose monophosphate pathway activity as well as of lysomal enzyme release (r -0.98). Thus, "chemotactic deactivation" and "high-dose inhibition of chemotaxis" by N-formyl peptides is the consequence of increased cell adhesiveness. This phenomenon provides a mechanism for cell trapping at the inflammatory site. Conversely, if operative in circulating blood, e.g., in septicemia, it may impair PMN emigration to such sites.
INTRODUCTION
Local recruitment of polymorphonuclear leukocytes (PMN)l to inflammatory sites is essential to the host in its defense against invading microbial organisms. Although the knowledge of the direction-finding mechanisms of PMN has increased tremendously (1, 2) , other mechanisms, in addition to directional migration (chemotaxis), must exist that are responsible for the ability of PMN to accumulate and to be retained at sites of infection (1, 3) . The repeatedly made in vitro observation of an inhibition of cell orientation (4) or chemotaxis (5) (6) (7) (8) with high concentrations of chemotactic factors have either gone unnoted or have found no reasonable explanation. Nevertheless, such findings are reminiscent of the situation at the inflammatory locus where leukocytes are trapped in a milieu with presumably high concentrations of chemotactic agents. Because, on the one hand, the importance of cell adhesion in regulating PMN locomotion is still not understood (9) and, on the other hand, excessive cellular adhesion could provide a potential mechanism as to how movement of PMN might be impeded and local cell trapping accomplished, we thought it worthwhile to study the interrelations between PMN locomotion and adhesiveness. The recent work, initiated by Schiffmann et al. (10) , on synthetic N-formyl peptides made it possible to perform a comparative analysis of these two cellular characteristics in controlled concentrations of pure and highly potent chemoattractants.
METHODS
Preparation ofleukocyte suspensions and plasma. Venous blood from healthy adult donors, collected in plastic syringes that contained preservative-free soditum heparin (20 U/ml blood; Novo Industries, Copenhagen, Denmark) was mixed with 0.5 vol of 6% (wt/vol) dextran (Dextran 110, Fisons Ltd, Loughborough, England) and allowed to sediment at room temperature. The leukocyte-rich supernate was centrifuged at 150 g for 8 min and, after lysis of residual erythrocytes with ice-cold hypotonic saline, the cells (80-90% PMN, 10-20% mononuclear cells) were washed twice in Gey's solution (Gibco Diagnostics, Glasgow, Scotland) and, if not stated otherwise, suspended in autologous heat-inactivated plasma. Fresh autologous cell-free plasma was prepared simuitiltaneously by collectinig the blood in ice-cold plastic syringes. After transfer to precooled plastic tubes and centriftugation at 39,000 g, the supernatant plasma was immediately decanted and anti-coagulated with 4 U heparin/ml. Before it was used as cell suspension medium, the plasma was heatinactivated at 560C for 30 min followed by removal of the precipitate by sedimentation at 39,000 g for 15 min.
PMN chemotaxis. PMN random motility and directional migration was quantified by using the two-filter sandwich techni(lue of Keller et al. (11) , in modified Boyden chambers (Celloplex, Basel, Switzerland). 0.25-ml aliquots of leukocytes, suspended in heat-inactivated plasma (that contained 1 x 106i PMN/ml) were added to the upper compartment of the chamber, which was separated from the lower compartment by two micropore filters: an 8-/Lgm pore size filter (cellulose nitrate; Sartorius Inc., G6ttingen, West Germany) was laid over a 0.45-,um pore size filter (cellulose nitrate; Millipore Corp., Bedford, Mass.). The lower compartment of the chamber was filled either with autologous heat-inactivated plasma (random migration) or with the same medium to which the desired concentration of the chemoattractant had been added. The chambers were incubated for 60 min at 37°C and 100% humidity. The procedure outlined by Keller et al. (11) was followed exactly for fixation and staining. The PMN response in triplicate or quadruplicate chambers was quantified by counting the cells on the surface of both, the upper side of the cellimpermeable, and the lower side of the cell-permeable filter in 10 high power fields (HPF) corresponding to 1.5 mm2, with the aid of an eyepiece grid.
PMN adherence. PMN To calculate the amount of glucose converted to CO2, the glucose concentration in heat-inactivated plasma was measured by the gluicose oxi(lase methodl (glutcose analyzer, Beekman Instruments Inc., Fullerton, Calif.). After 30 min of' incubation at 370C in a shaking water bath, 0.2 ml of' Hyamine 10-X (Rohbi & Hass Co., Philadelphia, Pa.) was injected through the stopper into the cup and 0.2 ml of 5 N H2SO4 added to the cell suspension. After eqtuilibration f'or 60 min, the cups were placed in couinting vials that contained 10 ml of' Instagel (Packard Instrument Co., Inc., Downers Grove, Ill.) and assayed in a liqtuid scintillation counter. The influenee of N-f'ormyl peptides on latex-stimulated HMP activity was also assessed (latex, Dow Corning Corp., Midland, Mich., mean particle diameter, 1 (17) with lipopolysaccharide-coated oil droplets. The procedture was followedl as described (17) 
RESULTS
In vitro adherence-inducing capacity of chemotactic peptides for human PMN Given the fact that chemotactic small molecular weight complement split products (12, 18) , as well as the recently defined synthetic chemotactic peptides (19) produce an immediate but transient neutropenia when administered intravenously, an attempt was made to further substantiate our hypothesis that PMN margination in vivo and cell adhesiveness measured in vitro are closely associated phenomena (12) . Therefore, the effect of different concentrations of f-Met-Leu-Phe and f-Met-Phe, respectively, on PMN adhesiveness was assessed by means of our Petri dish assay, which quantitates adherent cells by measuring the retention of MPO activity on dishes after thorough washing. 95-100% pure autologous fresh plasma was chosen as the Fig. 2A and B) . Cells incubated in heat-inactivated plasma revealed the typical bipolar shape of moving PMN (21) with veil-like, undulating hyaline lamellipodia and short, less flattened tails, and showed randomly directed locomotion with an approximate mean velocity of 6 ,um/min (estimated by time-lapse cinematography with 20 frames/min). No gross difference was visible when a chemotactic concentration of f-Met-Leu-Phe (1 nM, cf. following paragraph) was added. In contrast, when PMN were incubated in the presence of maximal adhesion-promoting stimuli (250 nM f-Met-Leu-Phe, inulin-activated plasma), the cells lost their polarization, extended their hyaline lamellar processes over their entire circumference, and became highly flattened similar to spreaded monocytes (22) . Although, these disk-like PMN were practically immobilized (checked by time-lapse cinematography), they showed continuous ruffling activity with extension and retraction of hyaline lamellae (Fig. 2C) .
In ancillary studies with the rabbit model (12, 19) , the dose of peptides needed to induce neutropenia exactly paralleled the adherence-promoting capacity of these agents. The correlation coefficient between neutropenia induction and adherence promotion was -0.949 (N = 8, P < 0.001) for f-Met-Leu-Phe, and -0.944 (n = 6, P < 0.01) for f-Met-Phe, respectively (regression analysis by the method of least squares).
Despite the fact that others have found that the addition of complement-activated serum (23) or synthetic chemotactic peptides (24) to PMN suspended in artificial media induced cell aggregation, it has been an absolutely consistent finding under conditions employed in our system that PMN did adhere in single-cell monolayers, without overlapping or formation of aggregates. Because it has been reported that PMN aggregation is transient and, therefore, a reversible change in PMN adhesiveness at low concentrations of peptides could have been missed, a time-course study at low (1 nM) and high (1 ,uM) concentrations of f-Met-Leu-Phe was performed. As shown in Table I Fig. 3 , the doseresponse study for the f-Met-Leu-Phe-induced chemotaxis resulted in maximal PMN migration towards 1 and 10 nM tripeptide. Above this concentration, a striking inhibition of chemotaxis and even random motility be- came apparent: at 100 nM tripeptide the amount of cells moving through the filter was already reduced to 79±4% (SE) of random migration (P < 0.005, Student's t test) and at over 1 ,uM, PMN were virtually trapped at or near the proximal surface ofthe upper filter. Again, the specificity of the phenomenon gained strong support through congruent findings obtained in analogous experiments with the less potent formylated dipeptide, f-Met-Phe (Fig. 4) .
Under consideration of the concentration gradient of the peptides in the chemotactic chamber, the comparison ofthe chemotactic and adherence-promoting capacity of these agents tested clearly indicates that low concentrations of these peptides, which are already strongly chemotactic, do not induce a measurable change in PMN adhesiveness. On the other hand, when PMN encounter higher concentrations of these peptides, they become hyperadhesive leading to profoundly diminished directed and random migration in vitro. The correlation coefficient between inhibition of chemotaxis and augmentation of adhesiveness was -0.980 (n = 6, P < 0.001) for f-Met-Leu-Phe, and -0.994 (n = 4, P < 0.01) for f-Met-Phe, when the two functions were assayed with PMN from the same subject.
To provide further evidence that hyperadhesiveness is indeed a cellular characteristic that impedes the migratory response of PMN in a broader and somehow unspecific sense, experiments as compiled in Table II were performed. When PMN were made hyperadherent by adding appropriately high concentrations of f-Met-Leu-Phe to both sides of the filters in the Boyden chamber, these cells showed virtually abolished responsiveness to a gradient of complement-derived chemoattractants as produced by inulin-activated plasma. In contrast, such a directed migratory response was not impaired in the presence of a chemotactic (1 nM) concentration of f-Met-Leu-Phe. Chemotactic deactivation and its relationship to PMN adherence
Although the phenomenon of the chemotactic deactivation, a term that describes the failure of leukocytes to migrate along a concentration gradient of a chemotactic stimulus as a result of a previous interaction with the active chemotactic factor (25, 26) , is a well established fact in granulocyte function no data explaining this phenomenon, except the possible role of an activable esterase (25) have as yet been offered. With regard to the formylated peptides, the results presented in Fig. 5 indicate that the ability of these agents to deactivate PMN is strictly dependent on the concentration. PMN in heat-inactivated plasma were preincubated in a tumbling tube at 37°C for 15 min in the presence of a maximal chemotactic (1 nM) or maximal adherence-promoting (250 nM) concentration of f-MetLeu-Phe or, as a control, without adding any peptide. They were subsequently washed twice by centrifugation at 150 g for 7 min at 4°C in 40% heat-inactivated autologous plasma diluted with Gey's solution and resuspended in heat-inactivated plasma at appropriate concentrations to assess their random and chemotactic motility as well as their adhesiveness. The total washing procedure lasted 25-30 min and resulted in a dilution of the active agent by a factor of at least 5,000. The results of the migratory behavior in chemotactic chambers are shown in Fig. 5 . In the control experiments (left) the pattern of results was identical to the data given in Fig. 3 , with stimulated migration towards 1 nM tripeptide and strongly inhibited motility.towards 10 nM (P vs. random motility < 0.001, Student's t test). When PMN were preincubated in a chemotactic concentration of the tripeptide (1 nM) (Fig. 5, center) , subsequent random migration and chemotaxis after washing remained unchanged (P vs. control-incubated cells > 0.05). However, when PMN were preincubated with an adherence-promotinig concentrationi (250 nM) of f-Met-Leu-Phe, the subsequently measured random motilitv and chemotaxis towards the samne stimiiulus was extremely low (Fig. 5 , right, P vs. control random motility < 0.001). Direct support for the conception that excessive surface affinity is indeed the basis for such motile cellular sluggishness was obtained by quantifying the Petri dish adhesiveness of identically treated PMN (three experiments). Preincubation without or in the presence of 1 nM tripeptide kept adherence low (6+1% [SE] and 8±2% adherent cells, respectively), whereas preexposure to 250 nM f-Met-Leu-Phe resulted in retention of the increased adhesiveness despite the thorough washing procedure (26±3% adherent cells; P vs. adherence in heat-inactivated plasma without or with 1 nM f-Met-Leu-Phe < 0.005, Student's t test).
The influence of N-formyl peptides on basal and stimulated HMP activity, lysosomal enzyme release, and phagocytosis
In the following series of experiments, the influence of different concentrations of N-formyl peptides on some of the established systems, measuring in vitro PMN function, was analyzed: Experiment 1. No increase in HMP activity was observed in our system when PMN were suspended in Cell Adhesiveness as a Modulator of Granulocyte Function 1 13 heat-inactivated plasma in the presence of a maximal chemotactic concentration of f-Met-Leu-Phe (Table   III) . However, when PMN were suspended in the presence of a hyperadhesion-inducing concentration of the same agent, they showed marked alteration in oxygen metabolism as measured through a consistent increase in the glucose oxidation via the HMP. When the adherence-promoting and the HMP-stimulating activities of different concentrations (1 nM-1 ,M) of f-Met-LeuPhe were correlated, a strikingly close linear relationship was obtained between these two PMN characteristics (r = 0.98; regression analysis by the method of least squares). Analogue results were obtained by using f-Met-Phe as the stimulus: the maximally chemotactic concentration of 1 ,uM dipeptide induced no increment in the HMP activity (119±11% [SE] of the control, P > 0.05, n = 4), whereas 10 and 100 ,tM f-Met-Phe increased this activity to 197±5 and 209±12%, respectively (P vs. control < 0.001, P between 10 and 100 ,uM > 0.05). As a control, 100 uM of the positional isomer f-Phe-Met induced no change in HMP activity (103±7%, P > 0.05; n = 3). Experinment 2. Lysosomal enzyme release on Petri dishes, quantitated by net liberation of lysozyme, exactly paralleled the results obtained for stimulation of adherence and HMP activity: no influence of a chemotactic concentration of f-Met-Leu-Phe on the one hand, a maximal and plateau-reaching activity at and over 250 nM tripeptide on the other (Table III) . Again, a strikingly close correlation was found between the ability of f-Met-Leu-Phe to promote PMN adherence and to induce lysozyme release on Petri dishes when these two cellular characteristics were measured simultaneously over a broad concentration range of the stimulating agent (0.1 nM--1 uM). The correlation co- (28) (29) (30) . Nevertheless, on more practical grounds, the importance of adhesion in regulating locomotion and accumulation of leukocytes has remained vague (9) . With the synthetic chemotacticN-formyl peptides, our study demonstrates an impressive inverse relationship between PMN motility and adhesiveness. That this phenomenon is not restricted to effects of N-formyl peptides, but has much broader implications for the regulation of PMN locomotion, is suggested for three reasons: (a) A natural low molecular weight chemoattractant from Escherichia coli supernate interacts with the same receptor site as the synthetic peptides (21) . (b) A similar high-dose inhibition of chemotaxis has recently been found with purified C5a (8), an attractant with a different receptor site (7, 31) . (c) PMN made hyperadhesive by f-MetLeu-Phe, also showed abolished migration towards complement-derived chemoattractants (Table II) . With regard to the more than 10-yr-old term of "chemotactic deactivation" (25) , our study provides evidence that increased cell adhesiveness plays a causative role 14 J. Fehr and C. Dahinden in this phenomenon. Based on our results, it should be emphasized that this form of "deactivation", in a strict sense, does not correspond to an impairment in the direction finding mechanism. Rather, what can be observed is a more general depressing effect on the basic migratory machinery of the PMN apparent in a persistent, extremely low random motility, a finding which has recently been confirmed with complement-activated serum as preincubation medium (32) . Our observations do not exclude the existence of other mechanisms of deactivation, because, besides several studies reporting deactivation with relatively high doses of chemotactic factors (25, 32, 33) , low-dose chemotactic deactivation has been found for other PMN (26) and eosinophil (34, 35) chemoattractants. In analyzing the effect of different concentrations of N-formyl peptides on three established in vitro assay systems, which are thought to measure most essential PMN functions, support was gained for the concept that PMN hyperadhesiveness and chemotactic desensitation do not correspond with a general functional hyporesponsiveness of these cells. The most important indication that hyperadherence-inducing concentrations of N-formyl peptides are not toxic to PMN is the fact that no depression ofthe initial ingestion rate was found in the presence of an appropriate concentration of f-Met-Leu-Phe. From parallelism between stimulation of the HMP activity and release of lysosomal enzymes on the one hand and adherence induction on the other, combined with the as yet still unexplained observations that many of the peptide-induced PMN alterations have their dose-response maximum clearly above their optimal chemotactic concentration (6, (36) (37) (38) , the conclusion can be drawn that these stimulatory events are chiefly related to the termination oflocomotion (39) . Thus, the in respect of locomotion deactivated PMN show alterations that reflect a stimulated, highly reactive cellular condition.
Bearing in mind that simple conclusions from analogy cannot be made, the present study may nevertheless have considerable implications with reference to the living organism. PMN hyperadhesiveness may indeed be an important prerequisite in the mechanism of local cell trapping at the inflammatory site. Conversely, if these mechanisms are operating in circulating blood, e.g., in septicemia, granulocyte emigration to the inflammed focus may be impaired and bacterial dissemination facilitated. Furthermore, an analysis of the role of PMN adhesiveness in situations where in vivo chemotactic deactivation has been inferred as the cause of a chemotactic hyporesponsiveness (26, 35, 40) or in secondary granulocytopathies as exemplified by a recent case report of an juvenile peridontitis showing extremely spreaded PMN in vitro (41) , may help to extend the clinical significance of these PMN surface characteristic.
The fundamental question of whether the immobilizing adhesion is accomplished either directly (active rearrangement of contractile proteins [30] and formation of podosomes [42] ) or more indirectly through membrane alterations mediated by released lysosomal enzymes (43) , remains unsolved.
